Abstract. This work used in-situ and ex-situ techniques to investigate the pressing and sintering processes of commercially pure (CP) Ti powder made by the Armstrong process. The objective is to simulate the actual manufacturing process of near net shape Ti components. Ti powders were uniaxially pre-pressed at designated pressures up to 100 ksi to form disk samples with different theoretical densities. Compression tests were performed in an SEM at different temperatures to obtain the mechanical properties and deformation behavior of these samples. Ex-situ technique was used to track the powder deformation process of disk samples from low pressure to high pressure. In-situ sintering was also performed in an SEM to record the morphology change of the porosities on the sample surface during the sintering process. The results will provide valuable information for optimizing the manufacturing process of high-density near net shape Ti components.
Introduction
Titanium alloys are among the most heavily used metallic alloys for critical components in jet engines. Titanium (Ti) is attractive in industrial applications because of its low density, high specific strength and stiffness, adequate creep and fatigue strength, and adequate fracture toughness along with its ability to be processed economically using conventional methods [1] . The largest consumers of Ti are the aerospace and the chemical industries. The main reason is the high specific strength and excellent corrosion resistance of titanium alloys with almost a half weight of steels [2, 3] . Other industries, such as architecture, chemical processing, medicine, power generation, sports, marine and offshore, and transportation are also witnessing increased use of titanium [3] . However, the high price of titanium has been a major stumbling block for its wide use in some areas, such as the automotive industry.
Powder metallurgy (PM) has been used to make near net shape parts from various metals and alloys. Press and sinter processing is a traditional PM method of making low cost, near net shape components. However, powder cost limits the range of potential applications for Ti PM parts. The Armstrong Process, developed by International Titanium Powder, L.L.C. (ITP) of Lockport, Illinois, produces titanium and titanium alloy powder by injecting metal halide vapor (ITP uses chlorides such as TiCl 4 , AlCl 3 , VCl 4 ) into a flowing stream of a reducing liquid metal (ITP uses sodium) [4] . The process produces small diameter, high purity metal powder. The powder can be used to fabricate low cost, near net shape components via casing and various PM techniques (press and sinter, pneumatic isostatic forging, hot isostatic pressing, adiabatic compaction, etc.).
Commercially-pure (CP) Ti powders made via Armstrong process by ITP were used in this study. In-situ and ex-situ techniques were used to simulate the pressing and sintering processes of the CP-Ti powder, in order to understand the deformation/sintering mechanism of the powder during processing. The results will provide valuable information for optimizing the manufacturing process of high-density near net shape Ti components. 
Experimental Sample Preparation and Microstructural
Characterization. Commercially pure (CP) Ti powder was produced by ITP via the Armstrong Process. Chemical analysis indicated that the asreceived powder contained 0.12 to 0.23 wt% oxygen, 0.009 to 0.026 wt% nitrogen, 0.013 wt% carbon and 0.012 wt% iron, so that the samples were identified as ASTM Grade 2 titanium [1] . Ti powders were uniaxially pressed by using a steel die with cylindrical shape (12.7 mm in diameter) at designated pressures of 5, 10, 25, 50, and 100 ksi to form disk samples of different theoretical densities. The pressure was released immediately once the designated pressure was attained so there was no hold when making the disk samples. Some of the pressed samples were sintered for 1 h at 1300 o C in a vacuum condition below 5 x 10 -3 Pa, and then furnace-cooled to room temperature. Cuboid specimens for compression tests with a size of 1.3 x 1.3 x 2.5 mm were cut from the disk samples via electrical discharge machining (EDM). One of the specimen surfaces was ground by SiC paper to a 800-grid finish and polished by 0.3 µm alumina powder and 0.05 µm colloidal silica, in order to observe insitu deformation/sintering process of the Ti powder by using a scanning electron microscope (SEM). The specimens, along with the grip (made of IN718) used for compression tests, are shown in Figure 1 .
In-situ Compression Tests. Tests were performed using a screw-driven tensile stage with a heating element (built by Ernest Fullam Inc., Clifton Park, NY) [5] placed inside an XL30-FEG SEM (FEI Inc., Hillsboro, OR), as shown in Figure 2 . Testing temperatures were room temperature (RT, 22 °C), 50, 100, 200, 300, and 500 °C. Specimen temperatures were monitored by a chromel-alumel type K thermocouple. Targeted test temperatures were maintained within ± 3 °C. After the temperature reached the desired value, a 20 minute period was given to stabilize the thermal stress prior to applying the load. The compression tests were displacement controlled and the rate was 2.5 x 10 -3 mm/s. Secondary electron (SE) images were taken before and after loading. Selected compression tests were paused at the certain stress/strain in order to image the specimen surface. The pressure in the SEM chamber never exceeded 10 -3 Pa, and therefore oxidation did not detrimentally affect the SEM imaging.
Ex-situ Compression Tests. Ex-situ testing was used to simulate the powder deformation behavior during the fabrication of disk samples. CP-Ti powders were first pressed to 5 ksi to form a disk sample. A fiducial mark was made from the disk center to the side ( Figure 3 ). This mark was used to identify the same area before Cost-Affordable Titanium III and after applying additional pressure. SEM images were taken in the vicinity of the fiducial mark from the disk center to side. Afterwards, the disk sample was taken out and pressed to a higher pressure (10 ksi) and imaged with SEM for the same area along the fiducial mark.
In-situ Sintering Tests. In-situ sintering test were performed to observe the change of surface porosity and appearance. The setup of the sintering test is shown in Figure 4 . A specimen EDM cut from a 10 ksi as-pressed disk was placed on the heat elements of the Ernest Fullam stage in the XL30 SEM, and then heated up to 860 o C for 5 h. Specimen temperatures were monitored by a chromel-alumel type K thermocouple attached near the specimen. Targeted test temperatures were maintained within ± 3 °C.
SE images were taken periodically during the sintering process without interrupting the experiment. The pressure in the SEM chamber was maintained below 5 x 10 -3 Pa throughout the sintering process. An X-ray energy dispersive spectroscope (XEDS) attached to the SEM was also used to identify the surface oxides after the sintering process.
Results and Discussion
Microstructure. The microstructure of the as-received CP-Ti powder is shown in Figure 5 . The size of the powder is around several hundred micro-meter (5a), although each powder consists of agglomerates of fine particles with less than 10 µm size (5b). After pressing the powders, the small particles are squeezed and contact each other, as shown in Figure 6 . A significant amount of porosity remains in the inter-particle regions. The volume of pores decreases with increasing the pressure, which results in the increase of sample theoretical density (TD). Figure 7 shows the effect of pressing and sintering on the TD of the CP-Ti samples. The TD increases with increasing the pressure for both as-pressed and sintered conditions. However, the effect of sintering on TD became smaller as the pressure increased. For the 10 ksi pressed sample, sintering for 1 h at 1300 o C results in increasing the TD from 50.8 to 65.6 %. For the 100 ksi pressed sample, on the other hand, the sintering only increase the TD from 88.9 to 92.9 %. In-situ Compression Test. CP-Ti powders were first in-situ compressed using the Ernest Fullam stage at RT. Selected SEM images are shown in Figure 8 . Although it would be difficult to describe the powder deformation process only from the surface observation, it seems the process consists of the following three stages: 1. Powder cluster rotation; 2. Powder cluster broken down to fill in large spacing; 3. Powders being squeezed to fill in the inter-particle spacing. Non-uniform distribution of the porosities can be observed on the sample surface even after 509 lb loading, which may be due to the area of the large spacing filled during pressing. This results in the area with locally higher amount of porosities, as shown in the right-end of Fig. 8 . Figure 9 shows the representative compression curves at RT. The yield stress (YS) of the 100 ksi as-pressed sample is 284 MPa, which is much higher than the YS of the 10 ksi as-pressed sample, 53MPa. After sintering, the YS of 10 ksi-pressed sample increases to 330 MPa, and the YS of the 100 ksi-pressed sample increases to 600 MPa, which is almost as high as the YS of fullydense cast CP-Ti (604 MPa). It should be noted that the TD of 10 ksi-pressed and sintered sample is lower than that of 100 ksi as-pressed sample (65.6 vs. 88.9 %), indicating that the sintering is more effective to improve mechanical properties than the high TD in as-pressed condition. The sintering increases the YS at RT of all samples in this study, and the results are summarized in Table I . Temperature dependence of YS for the 100 ksi as-pressed and pressed-and-sintered samples is also shown in Figure 10 . The YS of the as-pressed and the pressed-and-sintered samples decrease with increasing testing temperatures in the temperature range of this study, which is similar to the reported temperature dependence of CP-Ti compressive properties [1] . 
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Cost-Affordable Titanium III Figure 11 illustrate the surface deformation of 100 ksi as-pressed samples at RT (Figure 11a , b, and c) and 300 o C (Figure 11d , e, and f). The specimen tested at RT exhibits a lot of cracks near the center and some of the powders are bulged out on the surface. The image with higher magnification (Fig. 11c) indicates that each particle is not deformed but slipped at the particle surface, resulting in a rough surface after the compressive deformation. At 300 o C, on the other hand, no cracks were observed on surface but there are more CP-Ti powder particles being squeezed out of the specimen surface. The macroscopic deformation is attributed to the accumulation of the isolated powder deformation, as shown in Fig. 11f . Figure 12 shows 100 ksipressed and sintered sample tested at higher temperature (500 o C). The sample after deformation exhibits no particles squeezed out, but the presence of slip lines on the surface, which is similar to that of the fully-dense material. 
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Ex-situ Compression Tests. The SEM images of a disk sample at pressure of 5 and 10 ksi are shown in Figure 13 , which are observed from top of the sample. The circled area clearly illustrates the deformation of the CP-Ti powder closing the large spacing after applying additional pressure. It should be noted that the deformation at the side surface is much larger than that at the top surface, which would be due to the sample deformation taking place parallel to the pressing axis. 
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In-situ Sintering Test. Figure 14 shows the SEM images of 10 ksi-pressed CP-Ti sample before and after sintering at 860 o C inside SEM. It is clear that the volume of surface pores reduces during the sintering process. Inter-particle spacing shrinks in the early stage of the sintering (14b), and then the contacted particle surfaces fuse together during sintering (14c). The configurations are remained even after cooling to room temperature (14d). Previous study [6] exhibited that the TD of the CP-Ti sample were insensitive to the sintering time, which is consistent with the current results.
Although the sintering was performed in an SEM chamber with vacuum below 5 x 10 -3 Pa, the oxides were formed on the specimen surface during the sintering process. The oxygen-enriched area can be observed at the protruding edge of the porous area (bright contrast edges in the images), which would likely be due to the air trapped at the inter-particle spacing during sample preparation. When the specimen was heated up, the trapped air escaped from the specimen through the interconnected porosities. The longer sintering time might force more trapped air out of the specimen, which would also help to increase the bulk density of the specimen. 
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Summary and Conclusions
In-situ an ex-situ compression test and sintering of Armstrong CP-Ti powder have been performed inside SEM, in order to understand the deformation/sintering mechanism of the powder during press-and-sinter consolidation processing.
The size of the powder is around several hundred micro-meter, and the powder consists of agglomerates of fine particles with less than 10 µm size. In-situ compression test on CP-Ti powders at room temperature (RT) revealed three stages of powder deformation: 1. Powder cluster rotation; 2. Powder cluster broken down to fill in large spacing; 3. Powders being squeezed to fill in interparticle spacing. Ex-situ compression test demonstrated the powder deformation during the die pressing process, which is consistent with the results of in-situ compression test.
As-pressed and pressed and sintered (1300 o C/ 1 h) CP-Ti specimens were in-situ compression tested at RT (22 °C), 50, 100, 200, 300, and 500 °C. The theoretical density (TD) as well as the yield stress (YS) of the as-pressed specimens increases with increasing the die pressure during sample preparation. Sintering at 1300 o C/ 1 h also increased the TD and significantly enhanced the YS of the specimens. The YS of the 100 ksi-pressed and sintered specimen (TD: 92.9%, YS: 600 MPa) was almost as high as that of the fully-dense cast CP-Ti specimen (604 MPa).
In-situ sintering at 860 o C of a 10 ksi as-pressed specimen was also performed in the SEM chamber, which demonstrated the surface porosity reduction process in the early stage of the sintering. Oxidation occurred on the specimen surface due to the air trapped inside of the specimen.
